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Abstract—Using only two derived numbers based on a 

reference library, this paper shows how through-focus 

scanning optical microscopy (TSOM) is compatible with 

computational process control (CPC) for the complete 3D 

shape process monitoring of nanoscale to microscale 

targets. This is demonstrated using three types of targets 

with widths (CDs) and depths ranging from 50 nm to 

1.0 m, and 70 nm to 20 m, respectively. TSOM is a high-

throughput, low-cost and in-line capable optical 

dimensional metrology method ideally suited for high-

volume manufacturing (HVM), complementing other 

widely used metrology tools.   
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I. INTRODUCTION 

As the applications of nanotechnology and micro-

technology become widespread, usage of three-dimensional 

(3D) structures is increasing  [1-10]. In addition, increased 

complexity and the resulting big data during manufacturing 

processes have resulted in a new paradigm: Computational 

Process Control (CPC) [11]. In the CPC environment, in-line 

metrology tools are highly desirable. Here, we present the 

through-focus scanning optical microscope (TSOM) as a 

dimensional metrology tool that is ideally compatible with 

CPC, and has many favorable attributes as a metrology and 

process control tool  [12-21]. 

II. TSOM 

TSOM is a method that collects and exploits the entire 

through-focus optical intensity information in 3-D space using 

a conventional optical microscope. Developments in image 

acquisition techniques have significantly reduced the 

acquisition time for a set of through-focus images so that it can 

be as fast as a single conventional microscope image, making 

TSOM suitable for HVM [22]. A vertical cross-section 

extracted from this 3D data results in a TSOM image. D-TSOM 

images are generated by taking a pixel-by-pixel difference 

between images of two separate targets.  D-TSOM images can 

reveal sub-nanometer differences between nominally identical 

targets. The color (intensity) patterns of D-TSOM images are 

usually distinct for different types of parameter changes and 

serve as a “fingerprint” for different types of parameter 

variations, while remaining qualitatively similar for different 

magnitude changes in the same parameter. The magnitude of 

the optical content of D-TSOM images is proportional to the 

magnitude of the dimensional differences. The Optical 

Intensity Range (OIR, the difference between the maximum 

and the minimum optical intensity, multiplied by 100), provides 

a quantitative estimate of the difference between the two TSOM 

images.  The utility of D-TSOM is that the color pattern of the 

D-TSOM image is an indicator of the difference in 3D shape, 

while the magnitude of the OIR scales the dimensional 

difference between the two targets. 

III. EXPERIMENTS 

As a demonstration of the application of 

TSOM to high-aspect ratio (HAR) structures, in an 

SiO2 layer on a 300 mm Si substrate with 

nominally 100 nm CD, 1100 nm depth, and 1000 

nm pitch were studied, using a horizontal field-of-

view (FOV) of 50 m. A typical focused ion beam 

(FIB) cross-sectional view of the HAR target is 

shown Fig. 1. A mosaic of D-TSOM images 

obtained for the entire wafer (with central die as a 

reference target) is presented in Fig. 2(a). From 

this, four major types of D-TSOM image patterns 

(Fig. 2(b)) can be identified with their 

corresponding FIB cross-sectional profile 

differences as shown in Fig. 2(c).  

IV. PROCESS CONTROL RESULTS 

If one considers the information available in Figs. 2(b) and 

2(c) as a library, a simple process monitoring procedure can be 

proposed as shown in Figs. 3 and 4, based on the following rules 

selected for this demonstration. If the OIR of the D-TSOM 

image is more than 12, reject the target, as the dimensional 

differences are more than the tolerable limits. On the lower side, 

if the OIR of the D-TSOM image is less than 7, accept the 

target, as the dimensional differences are within the acceptable 
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level.  If the OIR value is in between 7 and 12, accept the 

production target if the profiles are symmetric (T1 and T3) and 

reject if the profiles are asymmetric (T2 and T4). Selection of 

the rules depends on the desired outcome from the fabrication. 

 
Fig.  2. (a) A mosaic of the D-TSOM  images obtained by subtracting the TSOM 

image of the central reference target from the TSOM images of the targets in 

the other dies (with color scale bar set to automatic). (b) Four major types (T1, 
T2, T3 and T4) of D-TSOM image color patterns are identified. (c) Schematic 

cross-sectional profile differences corresponding to (b) obtained from FIB 

cross-sectional analysis. Nominal values:  pitch = 1,000 nm, CD = 100 nm, and 
depth = 1100 nm.  Illumination wavelength = 520 nm, numerical apertures 

(NA) = 0.75, illumination NA (INA) = 0.25. 

 

 
Fig.  3. Proposed TSOM-based automated 3-D-shape process control method. 
The selected test production targets are considered to have unknown 3-D-shape 

profile (column 1).  Comparing the correlation coefficients between the D-

TSOM images of the test targets and the library provides the best match (green 
boxes) from which the possible 3-D shape difference type can be inferred 

(column 8).  

 

Fig. 3 demonstrates that based on the type of 3-D shape 

difference, and the magnitude of the dimensional difference, the 

process control decision of accept/reject can be made based 

solely on the two numbers: OIR and correlation coefficient  

with minimal or no human intervention to make it suitable for 

CPC. A library and a customized rule set  must be created 

beforehand. Note that the process control decision is 

automatically made on the very optical tool during 

measurement using the previously mentioned numbers. This 

method nearly eliminates the need for post-processing.  

 
Fig.  4.  This schematic shows that only two numbers are needed to accomplish 

the 3D-shape process control with TSOM. OIR to determine the magnitude of 

the dimensional deviation, and correlation coefficient to determine the 3D 
shape similarity. 

 

A second example is shown in Fig. 5 for substantially 

smaller, isolated line targets with nominal sizes of 70 nm height 

and 50 nm width [17]. In this case also, since TSOM can 

identify different types of 3D-shape differences (down to  

0.8 nm), the similar procedure presented above can be applied 

for process control.  

 
Fig.  5. Experimental 3D-shape analysis of isolated lines for process control.   

(a,b,c,d)  CD-AFM-measured plots showing different types of 3D-shape 

differences. (a`,b`,c`,d`) are the corresponding D-TSOM images producing 
noticeably different color patterns. CD-AFM measured values of line height 

(LH), top width (TW), middle width (MW) and bottom width (BW, in 

nanometers) are shown in order for the pair of lines. Nominal height = 70 nm, 
and width = 50 nm. 

 

A third example for a larger through-silicon via (TSV) target 

with a nominal diameter and depth of 1 μm and 20 μm 

respectively, is shown in Fig. 6. The similarity of the two 

D-TSOM images on the right indicates a similar pattern of 

dimensional differences. In this case also, the similar procedure 

presented above can be applied for process control using a 

library. 

V. POTENTIAL APPLICATIONS 

TSOM is a high-throughput, low-cost, nondestructive, 

robust, and easy-to-use 3D shape metrology method. It has 

1 nm or better measurement resolution[14] for target sizes 

(depths/heights) ranging from sub-nanometer to over 100 um 

(over five orders of magnitude in size range). One of the unique 



characteristics of the TSOM method is its ability to reduce or 

eliminate optical cross correlations between different 

parameters, resulting in reduced measurement uncertainty. All 

the targets within the field-of-view can be analyzed 

simultaneously, including isolated structures with random 

shapes, repeated and non-repeated structures, and a variety of 

target materials. TSOM complements other tools by filling in 

some gaps in capabilities. 

 
Fig.  6.  Measured D-TSOM images representing the pairwise differences 

between TSOM images of three TSVs in three different dies. Nominal diameter 

= 1 μm, and depth = 20 μm. 

 

TSOM has been successfully employed for many 

applications. Demonstrated applications of TSOM include 

critical dimension (linewidth), overlay (including over 10 um 

separation), patterned defect detection and analysis, FinFETs, 

nanoparticles (including soft-nanoparticles), photo-mask, thin-

films (less than 0.5 nm to 10 nm) thickness, 2D materials, 

through-silicon vias (TSVs), high-aspect-ratio (HAR) targets, 

MEMS/NEMS devices, micro/nanofluidic channels, flexible 

electronics and micro-resonators/frequency combs. Other 

potential applications include three-dimensional shape process 

monitoring of self-assembled nanostructures, waveguides, and 

nanoimprint targets. Numerous industries benefit from the 

TSOM method —such as the semiconductor industry, flexible 

electronics, quantum science, photovoltaics, display, 

nanotechnology, MEMS, NEMS, biotechnology, data storage, 

and photonics. 

VI. SUMMARY 

Here we have briefly presented potential applications of 

TSOM using a reference library. TSOM could fill some gaps 

by satisfying the HVM metrology needs of 3-D structures for 

which 3-D shape process control/monitoring is needed, 

complementing other widely used metrology tools. We also 

show that TSOM as presented here has a high compatibility 

with computational process control. 
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